A new synthesis of matter and gravity: A nongravitating scalar field 



Inyong Cho^B and Hycong-Chan Kim 2 [j] 

'institute of Convergence Fundamental Studies & School of Liberal Arts, 
Seoul National University of Science and Technology, Seoul 139-743, Korea 
4 School of Liberal Arts and Sciences, Korea National University of Transportation, Chungju 380-702, Korea 

We present a new manifestation of the nonlinearity of the gravity-matter interactions. We show 
explicitly that there exists a nongravitating dynamical scalar-field solution in Eddington-inspired 
Born-Infeld gravity. This kind of solution has not been found in previous literatures based on general 
relativity, or other modified-gravity theories. The nongravitating solution obtained in this work is 
unstable to perturbations. 
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. The matter interacts with gravity closely. In this interaction, the mutual role of the matter and gravity can be 
summarized by the word of J. A. Wheeler, "Spacetime tells matter how to move; matter tells spacetime how to curve." 
However, looking closely into the solution space of general relativity (GR), one may find that the role played by gravity 
is not exactly the same as that played by the matter as a generator of gravity especially in the vacuum sector. In 
GR, the nonlinearity of the gravity allows curved spacetimes in the absence of matter such as the gravitational 
soliton, gravitational instanton, Bianchi solutions, etc. These solutions play crucial role in understanding the Einstein 
gravity. Contrary to that, GR does not allow matter dynamics in the absence of gravity. Several generalized gravity 
theories appeared in the literature such as the scalar-tensor theory, the f(R) gravity, the massive gravity, and the 
Gauss-Bonnet gravity. However until now, no gravity theory is known to have the nonlinear interaction allowing a 
5h ' dynamical-matter field without developing gravity. Therefore, it is worthwhile to investigate nongravitating matter 
^Q , distributions (nGMD) via nonlinear interactions between the matter and gravity in newly suggested gravity theories. 

In gravity theories modified from the Einstein-Hilbert action by adding higher-curvature terms, one can easily notice 
C^l , that the nGMD may not exist. The equation of motion for the action will take the form, 



n=0 



> 

m 

where lZ n represents the every n -order polynomial of curvatures. Let us consider the regular situations when the 
curvatures vanish. In the case of c$ = 0, one may easily notice that the zero curvature simply leads to zero stress 
, tensor = 0. If cq =/= 0, the stress tensor plays the role of the cosmological constant, which implies the matter field 
is homogeneous and nondynamical. Therefore, we may conclude that the gravity theory allowing nGMD should be 
based on a different starting point rather than simply including higher curvature terms. 

In this letter, we show that the Eddington-inspired Born-Infeld (EiBI) theory, which was suggested as an alternative 
| theory of gravity recently allows nGMD. The EiBI action is given by 

^ ' 1 f 4 

SeiBI = - d x 

K J 



\g» v + kRuv(T)\ - \J-\g»u\ + S M (g,$), (1) 



where \Gp V \ denotes the determinant of Q^ v , A is a dimcnsionlcss parameter related with the cosmological constant by 
A = (A — l)//c, and we set 8nG = 1. In this theory the metric g^ and the connection are treated as independent 
fields (Palatini formalism). The Ricci tensor .R M „(r) is evaluated solely by the connection, and the matter filed <!> 
is coupled only to the gravitational field g^. The merits of this theory are that it requires only one more theory 
parameter k, and that it is equivalent to the theory of GR in vacuum. 

In Refs. [HQ, the evolution of the Universe driven by barotropic fluid had been inverstigated in EiBI gravity. For 
the equation-of-state parameter, w = P/p > 0, the Universe starts from a nonsingular initial state of a finite size 
for k > 0. More interestingly, the initial state of the Universe driven by pressureless dust (w = 0) approaches the 
de Sitter state with the effective cosmological constant A e g = 8/k Q. Subsequent works in EiBI gravity have been 
performed on the subject of the cosmological and astrophysical constraints on the EiBI theory (3, H[ , the constraint on 
the value of k by using the solar model ]H , the tensor perturbation , bouncing cosmology 0, the five dimensional 
brane model [|| , the effective stress tensor and energy conditions cosmology with scalar fields , the instability 



of compact stars ll|, the surface singularity of the compact star 12J, etc. 
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The equations of motion are obtained by varying the action ([T]) with respect to the fields g^ and respectively, 

q» v = V" - kT^, (2) 

and 



(3) 



where c^,, is the auxiliary metric by which the connection is defined, and q^ v is the matrix inverse of q^ v . The 
energy-momentum tensor is given by the usual sense, = (2/ \g\)SLM/6g^, v . 

In this letter, we investigate the dynamics of a homogeneous scalar field in EiBI gravity. The action for the matter 
field is then given by 



Sm = / d A x^\g~\ 



-\g^<f>d v <f>-V{ct>) 



(4) 



where the scalar field depends only on time, 4>(t), because of the spatial homogeneity. The homogeneous and isotropic 
ansatzc for the metric and auxiliary metric are 



g^dx^dx" = -dt 2 + a 2 (t) dx 2 , 
q ilv dx ii dx v = -X 2 (t) dt 2 + Y 2 (t) dx 2 . 

From the EOM of 1st kind we obtain the auxiliary metric in terms of physical parameters, 

X = (A - k P ) 3/4 {\ + Kp)- 1/4 , Y = [(A + k P )(X - k P )] 1/4 a, 



(5) 



(0) 



where p — cb 2 /2 + V and p = <fi 2 /2 — V. From the components of the EOM of 2nd kind ([3]), we obtain the Hubble 
parameter, 



H 



1 



1 
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(7) 



This equation was first obtained in Eq. (46) in Ref. [TJJ with A = 1. There, it was also shown that GR is recovered 
in the leading order at later times of the expanding Universe. Varying the action ((4]) with respect to the equation 
of motion for the scalar field is given by 



4> + 3Hcf) + V'{4>) = 0. 



(8) 



Now let us investigate the zero-curvature solution, i.e., the flat solution in terms of the metric g^ v . We consider 
the flat spacetime, ait) = constant, with the scalar field </>(i) being dynamical. This corresponds to H = 0. The 
equation (JT]) allows a nontrivial solution for this, contrary to the case of GR in which H = at all times directly 
implies p = = p. The scalar-field equation ([8]) can be integrated, 



4> = -V'(<l>) 



l -4> 2 = E-V(<f>), 



(9) 



where E is the integration constant. If we introduce an effective potential V = (A — kE + 2kV)/c 2 , where c 2 = X + kE, 
H = reduces to a simple form, 



dV 



± 



8 VV1 - 3V + 2c 2 V 3 / 2 



The equation (|9|) can be recast into 



^ 2 +V(^) = l. 



(10) 



(11) 



3 



dV 




4> - <t>c 



FIG. 1: (a) Plot of \dV/d<p\ vs. V for c = 1.02, 1.0, 0.8, 0.5, 0.2. (b) Plot of V vs. </> for c = 1, 1.02, 0.84, respectively from the 
top. For the motion of the field <j> subject to V, the energy level is fixed to £ = 1. 



The rescalcd dynamical field (^/k/c)4> with a fixed energy scale 8 = 1 subject to the potential V(<fr) which is a solution 
to Eq. (fT0|) . produces a flat spacetime. 1 

Let us comment on the values of c = vA + kE. We shall consider the case of k > in this work, and assume that 
the energy density is non- negative, p = E > 0. The cosmological constant becomes A = for A = 1. Then one can 
have c > 1 for all types of the cosmological constant by tuning the energy density p = E. One can have c < 1 only 
for the negative cosmological constant. One can have c = 1 for the negative cosmological constant with E > 0, or for 
the zero cosmological constant with E = 0. 

The shape of dV/d<fi for c > is qualitatively different from that for c < 1. The domain of V is [0, 1]. For all the 
values of c, dV/dcj) = at V = 0. For c > 1, dV/d<p diverges to infinity at V = 1. For c < 1, dV/d<p possesses another 
zero at V c where 1 - 3V C + 2c 2 V c 3/2 = 0. [Sec Fig. 1(a).] 

Now let us analyze the field dynamics and the effective potential from Eq. (|ll)p. 

(i) For c = 1, Eq. (|10p is integrated in terms of Elliptic functions, 



2i 



F(arcsin(V )|4) - 11(2; arcsin(^/ )|4) - F(-|4) + 11(2; -|4) 



= ±J|(0-^ e ), (12) 



where F and IT are the elliptic integral of first kind and the incomplete elliptic integral. The solution V{4>) is plotted 
in Fig. 1(b). The field 4> evolves in the positive direction with the energy level 8 = 1, while the spacetime remains 
flat. The field velocity becomes zero at <p = <f) c and it takes infinite time in arriving there. This point is an unstable 
extremum. 

(ii) Near V = for all values of c, we have 

Note that this solution is valid for V w 0, so for \cf>\ 3> c. The positive/negative signature corresponds to the left/right 
side of V in Fig. 1(b). From cb = (c/^/k)^/1 — V, the scalar field becomes 

c . r~3 



cf>(t) w-^i^WJlcVoe^sr* for t -> Too. (14) 
y K V 32 

The scalar field rolls up the exponential potential (fTB"]) for t <C —y/n/c, and rolls down for t ^> tJH/c. 



1 From Eq. lilt , one gets </> = ±(c/ v / k)\/1 — V. Without loss of generality, one can take c > 0. Here, the signature change H > — is 

equivalent to the transformation V(4>) — > V(— 0) accompanying — > —(f>. Therefore, in this work, we consider only the positive signature 
which describes the positive velocity, <f> > 0. 
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(iii) Near V = V c < 1 for c < 1 . we have 



dV ^ ± Vv~v 



V « V, - 



•) 2 



with 



± 6 < ±c 



dip Cl 4Ci^ 

where ci = (c/V c )[(l - V c )/8/(l + ^vi 72 )] 1 / 2 . The scalar field becomes then 

"c(i-i c ) 



(j)(t) fts<j) c + 2ci\/l - V c sinh 



(15) 



(16) 



The top of the potential V c is reached at (f>(t = t c ) = <p c . The field passes this point with nonvanishing velocity except 
for c = 1. 



(iv) Near V = 1 for c > 1, we have 

dV 1 
-z-r ~ ± 



V« 1 



3(0 -0 C ) 



where C2 = v / 3c/(4v / c 2 — 1). The scalar field evolves as 

2 



2c 2 



= |*-*c| 



2/3 



with ± (j) < ±(f) c 



(17) 



3/2 



(18) 

0) and the acceleration 



At the top of the potential, V[cf>(t = t c ) = <p c ] = 1, the field velocity becomes zero (i 
becomes infinite (</> = —dV/dcj) = Too)- This point is unstable. 

The dynamical scalar-field solutions that we obtained here produces the flat spacetime. Since EiBI gravity is 
equivalent to GR in vacuum, the flat spacetime is also achieved in vacuum without a scalar field. It means that 
there exist two branches of the flat spacetime. Therefore, it is worthwhile to check the stability of the flat spacetime 
originated from the dynamical scalar field. 

In order to investigate the linear perturbation, we introduce the linear perturbations h(t) and ip(t) f° r t ne velocities 
of the metric and the scalar field, 



H(t) =0 + eh(t), <j){t) = -=VT=V [1 + eip(t)} , 



(19) 



and consider the field equations in the linear order in e. The scalar-field equation ([5} in the linear order is recast as 

V 



tp 3h 

if) ip 

The Hubble parameter ([7]) in the linear order is given by 



1 - V 



= 0. 



h 



V 



ip 3(1 + V 2 ) 
Then Eq. (f20)) can be integrated as 



2V 



v - l -v 



(l-V)(5-3V-3c 2 V 1 / 2 (l-V)) 
2(1^3V + 2c 2 V 3 / 2 ) 

V(l-3V + 2c 2 V 3 / 2 ) 1 / 2 
V " ~ V '° (1- V)(3-2V + 3V 2 ) ' 

The solution is plotted in Fig. 2. The perturbation of the gravitational-field velocity h(t) in Eq. (|2"Tj) becomes 

-2 + 9V - 7c 2 V 3 / 2 + 2c 2 V 5 / 2 - 3V 3 + c 2 V 7 / 2 • dV 



h = ip 



2(1 - V)(l - 3V + 2c 2 V 3 / 2 )!/2(3 - 2V + 3V 2 ) 2 



(20) 



(21) 



(22) 



(23) 



The stability requires tp = h = 0. From Eq. ([22]). V = when V = and V c (< 1). From Eq. (|23]l, h = when V = V* 
(the value of V which makes the numerator zero) and V = <f>(dV / d<f>) = 0. One can easily check that the system is 
complemcntarily unstable; 

(i) When V = 0, h + 0. 

(ii) When V — V c (< 1), the scalar field <f> just passes this point (the top of V) with a finite velocity. 
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FIG. 2: The perturbation ip(t) for the same values of c in Fig. 1(a). The perturbation vanishes at V = and V c (< 1). 



(iii) When V = V»,^^0. 

(iv) V = <fi(dV I d(f) = is achieved at the top of V for c < 1. For c < 1, it is unstable because of (ii). For c = 1. it 
is unstable because ip ^ 0. 

As a whole, the flat spacetimc produced by the dynamical scalar field is unstable. 

In summary, we have investigated the possibility that the nonlinearity of the matter-gravity interactions allows 
nongravitating matter distributions (nGMD). We showed that nGMD is not possible in gravity theories such as 
general relativity, f(R) gravity, and higher-derivative gravity, if they are regular in the zero-curvature limit. On the 
other hand, the Eddington-inspired Born-Infeld gravity allows nGMD. Explicitly, we found that a fiat zero-curvature 
spacetime exists with nontrivial scalar-field configurations subject to the potential V(4>) which satisfies the differential 
equation ([10j) . This potential is a runaway type as in Fig. |Tfb) . For this configuration, the metric is flat while the 
auxiliary metric q^ v is nontrivial as Eq. ([6]). The spacetime curvature vanishes while the Ricci tensor evaluated by 
q^ u is not trivial. The modification of GR through the connection term by the Palatini formulation makes the EiBI 
theory allow nGMD. The general gravity theories will be divided into two classes; the collections of gravity theories 
with and without nGMD. The EiBI gravity will be the first example belonging to the class with nGMD. 

Since EiBI gravity is equivalent to GR in vacuum, the flat spacetime is also achieved when there is no matter. 
Therefore, there are two branches of the flat spacetimc. The nGMD solution obtained in this work is unstable under 
perturbations. This unstable one will evolve to other state. It would be interesting to study how this evolution 
proceed and what the final state will be. Another interesting question is whether or not the EiBI gravity allows a 
nongravitating localized object such boson star. 
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